In an extension of our previous studies of BaTiO 3 , SrTiO 3 , and PbTiO 3 (001), as well as BaTiO 3 and SrTiO 3 (011) surfaces [1-6], I present and discuss the results of calculations of BaZrO 3 (001) surface relaxation and rumpling with two different terminations (BaO and ZrO 2 ), and BaZrO 3 (011) polar surface relaxation with three terminations (Ba-, ZrO-and O-terminated, Atype). These are based on hybrid Hartree-Fock and density-functional theory exchange functionals, using Becke's three-parameter method, combined with the nonlocal correlation functionals by Perdew and Wang [7] . According to the results of my calculations, all upper layer atoms for ZrO 2 -and BaOterminated BaZrO 3 (001) surfaces relax inwards. The surface rumpling for the BaO-terminated BaZrO 3 (001) surface is much larger than for the ZrO 2 -terminated BaZrO 3 (001) surface. Both BaO-terminated (1.30 eV) and ZrO 2 -terminated (1.31 eV) surfaces are stable and energetically equally favourable. Unlike the BaZrO 3 (001) surface, different terminations of the (011) surface lead to great differences in the surface energies. The A-type O-terminated surface has the lowest energy (2.32 eV). The Ba-terminated BaZrO 3 (011) surface has a much higher surface energy of 2.90 eV, while the BaZrO 3 ZrO-terminated (011) surface has the highest energy (3.09 eV). I predict a considerable increase of the Zr-O chemical bond covalency near the (011) surface, as compared to both the bulk and the (001) surface.
Introduction
The ABO 3 perovskite surfaces have numerous technological applications, including highcapacity memory cells, catalysis, optical wave guides, integrated optics applications, and as substrates for high-T c cuprate superconductor growth, [8] [9] [10] , for which the surface structure and quality are of primary importance. Considering the high technological importance of ABO 3 perovskites, it is not surprising that, during recent years, their (001) surfaces have been the subject of many theoretical studies by means of ab initio and classical shell model (SM) methods [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . The SrTiO 3 (001) surface relaxation has been experimentally studied by means of low-energy electron diffraction (LEED), reflection high-energy electron diffraction (RHEED), medium-energy ion scattering (MEIS), and surface x-ray diffraction (SXRD) measurements [21] [22] [23] [24] [25] .
In general, the results of the LEED experiments [21] agree quite well with the results of ab initio and shell model calculations. Note, however, that the LEED [21] and RHEED [22] experiments contradict each other in the sign (reduction or expansion) of the interplane distances between the top metal and the second crystal layers ( d 12 ) for the SrO-terminated SrTiO 3 (001) surface. Another problem is that LEED, RHEED, and MEIS experiments argue that the topmost O atoms always move outwards from the surface whereas all calculations predict for the TiO 2 -terminated SrTiO 3 (001) surface that the O atoms go inwards. The reason for this is not clear and is discussed in [11, 25] . Even more important is a clear contradiction between the three above-mentioned experiments and a recent SXRD [25] experiment in which oxygen atoms are predicted to move inwards for both TiO 2 -and SrO-terminated SrTiO 3 (001) surfaces, reaching 12.5% of the lattice constant for the TiO 2 -terminated surface.
The SrTiO 3 (011) polar perovskite surface was studied experimentally using several different techniques.
Low-energy electron diffraction shows a number of surface reconstructions at high temperatures, and atomic force microscopy also supports surface modification due to applied extensive thermal treatment [26] [27] [28] . However, there are no experimental estimates of the surface relaxation of the SrTiO 3 or BaZrO 3 (011) surfaces at low temperatures, with which I could compare my calculations.
It is surprising that, despite the high technological potential, there are no experimental and theoretical studies reported dealing with BaZrO 3 (011) surfaces. In order to fill this gap, and taking into account that the predictive power of first-principles quantum electronic structure calculations due to increased speed of computers and recent developments of new and powerful computational methods allows for the rational design on paper of new materials and their properties for technology applications, I performed ab initio calculations for BaZrO 3 surfaces. It is the aim of the present paper to provide an application of state-of-the-art first-principles methods to the (011) polar termination of BaZrO 3 , which is the first such report to the best of my knowledge.
Computational method
To perform the first-principles DFT-B3PW calculations, I used the CRYSTAL computer code [7] . This code employs the Gaussian-type functions (GTFs) localized at atoms as the basis for an expansion of the crystalline orbitals. The features of the CRYSTAL code which are most important for this study are its ability to calculate the electronic structure of materials within both Hartree-Fock (HF) and Kohn-Sham (KS) Hamiltonians. My calculations were performed using the hybrid exchange-correlation B3PW functional involving a hybrid of non-local Fock exact exchange, local density approximation (LDA) exchange and Becke's gradient-corrected exchange functional [29] , combined with the nonlocal gradient-corrected correlation potential by Perdew and Wang [30] [31] [32] . The Hay-Wadt small-core effective core pseudopotentials (ECPs) were adopted for the Ba atom [33] . The 'small-core' ECPs replace only inner core orbitals, but orbitals for sub-valence electrons as well as for valence electrons are calculated self-consistently. Light oxygen atoms were treated with the all-electron basis set.
The reciprocal space integration was performed by sampling the Brillouin zone of the unit cell with an 8 × 8 × 1 Pack-Monkhorst net [34] , which provides a balanced summation in direct and reciprocal spaces [35] . To achieve high accuracy, large enough tolerances of 7, 8, 7, 7, 14, were chosen for the Coulomb overlap, Coulomb penetration, exchange overlap, the first exchange pseudo-overlap, and the second exchange pseudo-overlap, respectively [7] . The BaZrO 3 (001) surfaces were modelled with two-dimensional (2D) slabs, consisting of several planes perpendicular to the [001] crystal direction. The CRYSTAL code allowed me to avoid artificial periodicity along the Oz direction and to perform simulations for stand-alone 2D slabs. To simulate BaZrO 3 (001) surfaces, I used symmetrical (with respect to the mirror plane) slabs consisting of seven alternating ZrO 2 and BaO layers. One of these slabs was terminated by BaO planes and consisted of a supercell containing 17 atoms. The second slab was terminated by ZrO 2 planes and consisted of a supercell containing 18 atoms. These slabs are non-stoichiometric, with unit cell formulae Ba 4 BaZrO) (stoichiometric slab), or to infinite charge, when it is terminated by the same type of crystalline planes (O 2 -O 2 or BaZrO-BaZrO) (non-stoichiometric slab). It is known that such crystal terminations make the surface unstable [36, 37] . In real quantum-chemical calculations for a finite-thickness slab terminated by the different kind of planes (stoichiometric slab) the charge redistribution near the surface arising during the self-consistent field (SCF) procedure could, in principle, compensate the macroscopic dipole moment. On the other hand, in the calculations of non-stoichiometric slabs terminated by similar planes the charge neutrality could be retained by setting in the computer inputs an appropriate number of electrons or just zero net charge of the unit cell. Nevertheless, careful studies for another ABO 3 perovskite, SrTiO 3 [36, 38, 39] , demonstrate that these two options for SrTiO 3 surfaces are energetically expensive with respect to the dipole moment elimination via the introduction of vacancies.
This was the reason why in my BaZrO 3 (011) surface calculations, in order to get the neutral slab, I removed the O atom from the upper and lower layers of the 7-layer symmetric O-O-terminated non-stoichiometric slab, and Ba or both Zr and O atoms from the upper and lower layers of the BaZrO-terminated non-stoichiometric slab. Thereby, in my calculations, the ZrO-terminated symmetric 7-layer non-stoichiometric slab consisted of a supercell containing 16 atoms (see figure 2) , and finally, the Ba-and O-terminated symmetric non-stoichiometric 7-layer slabs consisted of supercells containing 14 and 15 atoms, respectively (see figure 3 and  figure 4 ). Stoichiometric and non-stoichiometric (011) surface terminations, and the number of bonds cleaved, are discussed very comprehensively for the related ABO 3 perovskite SrTiO 3 in [39] . In order to compare the calculated surface structures with experimental results, the surface rumpling s (the relative displacement of oxygen with respect to the metal atom in the surface layer) (see figure 1 ) and the changes in interlayer distances d 12 and d 23 (1, 2, and 3 are the numbers of near-surface layers) are presented in table 4. My calculations of the interlayer distances are based on the positions of relaxed metal ions (figure 1), which are known to be much stronger electron scatterers than oxygen ions [21] . From table 4 one can see that both BaZrO 3 (001) surfaces show the reduction of interlayer distance d 12 and expansion of d 23 . The relaxation of the upper layer surface metal atoms is much larger than that of oxygen ions for the BaO-terminated BaZrO 3 (001) surface, which leads to a considerable rumpling of the outermost plane (see table 4 ). The amplitude of surface rumpling of the BaO-terminated BaZrO 3 (001) surface is predicted to be considerably larger than that for the ZrO 2 -terminated BaZrO 3 (001) surface.
Atomic displacements, the effective static charges, and bond populations between nearest metal and oxygen atoms are given in table 5. The major effect observed here is strengthening of the Zr-O chemical bond near the surface. Note that the Zr and O effective charges in the BaZrO 3 bulk (+2.134e and −1.316e, respectively) are much smaller than those expected in an ionic model; furthermore the Zr-O bond is considerably populated (108 me, m = milli). The Zr-O bond population for the ZrO 2 -terminated BaZrO 3 (001) surface is 132 me (see table 5), which is considerably larger than the relevant values in the bulk. In contrast, the Ba-O bond populations are very small and even negative, which indicates repulsion. This effect is also well seen from the Ba effective charges, which is close to the formal ionic charge of +2e.
In order to calculate the BaZrO 3 (001) surface energy, I start with the cleavage energy for unrelaxed BaO-and ZrO 2 -terminated surfaces. In my calculations the two 7-layer BaO-and ZrO 2 -terminated slabs, containing 17 and 18 atoms, respectively, represent together 7 bulk unit cells containing 5 atoms. Surfaces with both terminations arise simultaneously under cleavage of the crystal and the relevant cleavage energy is distributed equally between created surfaces. Therefore, I assume that the cleavage energy is the same for both terminations:
where E (unrel) slab (BaO) and E (unrel) slab (ZrO 2 ) are unrelaxed BaO-and ZrO 2 -terminated slab energies, E bulk is energy per bulk unit cell, and the factor of 4 comes from the fact that I create four surfaces upon the cleavage procedure. According to the results of my calculations, the total energy for the unrelaxed BaO-terminated BaZrO 3 (001) slab is equal to −27 057.055 779 eV, the total energy for the unrelaxed ZrO 2 -terminated BaZrO 3 (001) slab is equal to −29 685.733 014 eV, and finally, the total energy for the BaZrO 3 bulk unit cell containing 5 atoms is equal to −8106.947 442 eV. Next, I can calculate the relaxation energies for each of BaO and ZrO 2 terminations, when both sides of the slabs relax:
E slab (A) is the slab energy after relaxation, and A = BaO or ZrO 2 . According to the results of my calculations the total energy of the BaO-terminated BaZrO 3 (001) slab after the relaxation of atoms is equal to −27 057.387 826 eV, and the total energy for the ZrO 2 -terminated BaZrO 3 (001) slab after the relaxation of atoms is equal to −29 686.028 657 eV. Lastly, the surface energy sought for is just a sum of the cleavage and relaxation energies: In order to calculate the BaZrO 3 (011) surface energy for the ZrO-and Ba-terminated surfaces, containing 16 and 14 atoms, respectively, I start with the cleavage energy for unrelaxed surfaces. In my calculations for BaZrO 3 (011) surfaces the two 7-plane Ba-and ZrOterminated slabs represent together six bulk unit cells. The surfaces with both terminations arise simultaneously under cleavage of the crystal, and the relevant cleavage energy is divided equally between these two surfaces. Therefore, I assume that the cleavage energy is the same for both terminations:
where
slab (ZrO) are energies of the unrelaxed slabs, E bulk is the energy per bulk unit cell, and 1 4 means that in total four surfaces were created upon the crystal cleavage. My calculated total energies for unrelaxed Ba-and ZrO-terminated BaZrO 3 (011) surfaces are equal to −21 681.880 527 eV and −26 941.831 973 eV, respectively. Next I calculate the relaxation energies E rel (A) using equation (2) for each of the Ba-and ZrO-terminated surfaces, when both sides of slabs are allowed to relax. In the case for the BaZrO 3 (011) surface A = Ba or ZrO. According to the results of my calculations, after the relaxation of atoms for Ba-and ZrOterminated BaZrO 3 (011) surfaces the total energy of system is equal to −21 685.066 116 eV and −26 944.644 617 eV, respectively. Finally, the surface energy E s (A) sought for is just a sum of the cleavage and relaxation energies (3). When I cleave the BaZrO 3 crystal in another way, I obtain two identical O-terminated surfaces, containing 15 atoms. This allows me to simplify the calculations. Note that the unit cell of the 7-plane O-terminated slab contains three bulk unit cells. Therefore, the relevant surface energy is
where E s (O, A) and E slab (O, A) are the surface energy and the slab total energy for the O-terminated surface in the asymmetric configuration A. According to the results of my calculations, the total energy of the O-terminated BaZrO 3 (011) surface in the asymmetric configuration after the relaxation of atoms is equal to −24 316.206 750 eV. Additional details dealing with the related ABO 3 perovskite SrTiO 3 surface energy calculations are given in [39] . The results of calculations for the surface energy of relaxed BaO-and ZrO 2 -terminated BaZrO 3 (001) surfaces are presented in table 6. According to my calculations the E s value for the BaO termination (1.30 eV/cell) is slightly smaller than for the ZrO 2 termination (1.31 eV/cell). However, the surface energy difference is small, and both surfaces are stable and energetically equally favourable. Table 7 gives the surface energies, calculated using the hybrid B3PW method. Unlike the BaZrO 3 (001) surface, I see that different terminations of the (011) surface lead to great differences in the surface energies. Here the lowest energy is that of the A-type Oterminated surface (2.32 eV/cell). My calculated surface energy for the ZrO-terminated The interatomic bond populations for the three possible terminations are given in table 9. The major effect observed here is a strong increase of the Zr-O chemical bonding (152 me) 
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